The aim of this study was to characterize the respective influences of the paternal and the maternal components on the timing of the first S-phase in the bovine zygote. In vitro-matured oocytes were fertilized in vitro with sperm conferring a high blastocyst rate (embryos of group 1) or a low blastocyst rate (embryos of group 2). Resulting zygotes were either allowed to develop in vitro to the blastocyst stage or exposed to 5-bromo-2-deoxyuridine in order to characterize the timing of their first S-phases. Timing of pronuclear formation was similar in the two groups, but the onset of S-phase and the first cleavage occurred earlier in group 1 than in group 2. We also showed that the length of the S-phase represented 30% of the first cell cycle in group 1 and 20% in group 2. Differences in times of onset of the first S-phase observed between embryo groups concerned both male and female pronuclei in a similar manner and were not dependent on the maternal component of the zygote. Our data demonstrated that the precocity of the onset of the first Sphase stemmed from a paternal control exerted during a transient period of the G1-phase.
INTRODUCTION
In mammalian embryos, the first cell cycle is characterized by a length of about one day in which parental genomes remain separated within the same cytoplasmic environment during the first DNA replication (S-phase) [1] . In the mouse, the length of the first DNA replication is positively correlated with further successful embryo development and depends on the paternal genotype, whereas the time of onset after fertilization does not vary in relation to the male [2] . In this species, the onset of DNA synthesis occurs first in the male or in the female pronucleus [3, 4] but without preliminary transcription of the parental genomes [5] . For both pronuclei, the time of onset of DNA replication appears to be largely controlled by maternal factors stored in the oocyte during oogenesis. These maternal factors include the components required for the formation of a functional nuclear membrane and elements indispensable to DNA replication [6] [7] [8] , which are regulated by exchanges between cytoplasm and pronuclei [9] [10] [11] . Before the first DNA replication the displacement of the nucleosomes, organized around the histones, allows the maternal transcription factors, such as SP1 [12] , to have access to regulation sequences [13, 14] . This first round of DNA synthesis is permissive for the subsequent gene expression, whereas the second round will be repressive [11, 13] .
In the bovine species, the duration of the first DNA replication is also positively correlated with the developmental potential conferred by the male [15] . However, contrary to the situation in the mouse, the sperm used for fertilization influences the time of the onset after fertilization [15] , and there is no evidence that one of the pronuclei enters the Sphase before the other [16] . Eid et al. [15] showed that DNA replication began earlier and lasted longer in zygotes fertilized by sperm with high in vivo fertility, whereas the end of DNA replication occurred at the same moment regardless of the bull's fertility. These data suggest that in bovine embryos the time of onset of the first DNA replication plays a more important role for the developmental potential of the embryo than in the mouse. This timing of onset seems to be essentially dependent on the paternal component, but Eid et al. [15] used pooled oocytes from different females and did not study the influence of the maternal component. Moreover, high fertility of the bull leads to a short first cell cycle [17] , which also determines the subsequent viability of the embryos [18] . However, the influence of the time of onset of the S-phase on the length of the first cell cycle has never been observed.
The aim of our study was 1) to confirm the influence of the time of onset of the first DNA replication on the time of the first cleavage and 2) to characterize the respective influences of the sperm and the oocyte on initiation of the S-phase in both pronuclei. We therefore determined the effect of the paternal component on the timing of DNA replication by using sperm from several bulls with the same fertilization rate but conferring a high or low blastocyst rate (high or low in vitro fertility bulls). The bovine model was well adapted to determining the influence of the maternal component because of the possibility of achieving repeated oocyte collections on the same female donor with the ovum pickup (OPU) technique [19] . Batches of genetically homogeneous oocytes were matured in vitro and then fertilized in vitro by semen of differing in vitro fertility.
Our results showed that in the bovine species, only the paternal component affected the timing of the first DNA replication, which has a consequence for the timing of the first cleavage. Once pronuclei had formed, some paternally regulated factors promoted the initiation of the S-phase in both pronuclei during a transient period of the G1-phase.
MATERIALS AND METHODS

Oocyte Recovery
Batches of cumulus-oocyte complexes (COC) were harvested either from slaughterhouse ovaries of adult cows or from four different adult nonpregnant cows that were simultaneously subjected to transvaginal puncture under ultrasound control (OPU). This second set of experiments was performed repeatedly on each animal once a week during 4.5 mo. The content of the antral follicles between 2 and 8 mm was aspirated and recovered in PBS medium supplemented with 10 IU/ml of heparin (Sigma Chemical Co., St. Louis, MO) at 39ЊC. Only good-quality oocytes were kept (compact cumulus with more than two cell layers) for in vitro maturation (IVM) and in vitro fertilization (IVF) [19] .
Semen for IVF
Frozen semen was supplied by the Union Nationale des Coopératives d'Elevage et d'Insémination Artificielle (U.N.C.E.I.A., Maisons-Alfort, France). We selected batches of frozen sperm of different bulls known to yield a high or a low blastocyst rate but giving the same fertilization rate. We classified them as high in vitro fertility ejaculates (bulls A, B, C) or low in vitro fertility ejaculates (bulls D, E, F).
IVM of the Oocytes, IVF, Parthenogenetic Activation, and In Vitro Culture
For IVM, the COC were cultured during 24 h in M199 medium (Gibco Laboratories, Grand Island, NY) supplemented with 25 mM NaHCO 3 , 10% fetal calf serum (Dutscher SA, Brumath, France), 10 g/ml of FSH-LH (Rhone Mérieux, Lyon, France), and 1 g/ml of estradiol-17␤ (Sigma) at 39ЊC and 5% CO 2 in air. IVF was performed according to the standard technique routinely used in the laboratory. Thawed sperm of each bull were selected by swim-up and prepared according to Parrish et al. [20] . Groups of matured oocytes were inseminated at a concentration of 10 6 spermatozoa/ml in fertilization TALP medium (Tyrode's albumin lactate pyruvate [20] ) containing 10 g/ml of heparin at 39ЊC and 5% CO 2 in air [21] . At 10 h postinsemination (hpi), cumulus cells were removed by vortexing, and presumptive zygotes were then cocultured with monolayers of Vero cells in 50-l droplets of B2 medium (CCD Laboratory, Paris, France), supplemented with 2.5% fetal calf serum, at 39ЊC and 5% CO 2 in air [22] .
For parthenogenetic activation, cumulus cells of matured oocytes were removed by enzymatic treatment (1 mg/ml hyaluronidase; Sigma), and activation was induced by exposure to ethanol (7% in M199 medium) for 5 min at 39ЊC. Oocytes were cultured in cycloheximide (10 g/ml; Sigma) until 5 h postactivation (hpa) and then washed extensively in M199 medium before in vitro culture (IVC) or characterization of the first S-phase.
Characterization of the First S-Phase
The first S-phase was characterized by immunocytochemical (ICC) detection of 5Ј-bromo-2Ј-deoxyuridine (BrdU; Sigma) incorporated into newly synthesized DNA strands. The BrdU was evidenced with a first monoclonal antibody (mouse IgG anti-BrdU; Sigma) and a second polyclonal antibody (goat immunoglobulin anti-IgG of mouse conjugated with fluorescein isothiocyanate, FITC; Sigma) according to the method of Adenot et al. [23] . The chromatin was also labeled with 10 g/ml of propidium iodide (Sigma). Zygotes were observed with an inverted microscope (Nikon, Tokyo, Japan) fitted for epifluorescence. Zygotes in the S-phase had at least one pronucleus labeled with FITC. Negative controls were obtained by coincubating zygotes with BrdU (1 mM) and aphidicolin (inhibitor of the DNA polymerase ␣, 1 g/ml; Sigma) from 7 to 25 hpi before ICC. Other control batches of zygotes were in vitro cultured after continuous exposure from 8 to 27 hpi with BrdU (1 mM) in order to verify its lack of effect on subsequent embryo development.
Batches of slaughterhouse oocytes fertilized by high-or low-fertility ejaculates were subjected to a 1-h pulse of BrdU (1 mM) followed by an ICC treatment at 8 hpi and every 2 h from 10 to 26 hpi (Fig. 1 ), or were subjected to continuous exposure from 8 hpi and treated at 9 hpi and then every 2 h between 11 and 27 hpi. For OPU oocytes fertilized by one ejaculate of each fertility group, ICC treatments were processed only at 13, 15, and 17 hpi after 1-h pulse of BrdU (1 mM). The S-phase of the parthenotes was characterized similarly to that of IVF zygotes but between 3 and 27 hpa.
Aphidicolin Treatment
To delay the onset of DNA synthesis, aphidicolin (1 g/ ml; Sigma) was added at 7 hpi and removed by several washings at 11 or 17 hpi before characterization of the Sphase or before IVC.
Experimental Design-Statistical Analysis
Oocytes from slaughterhouse ovaries were pooled. All experiments were carried out in three replicates. In each replicate, batches of oocytes were fertilized separately by an ejaculate of high or low in vitro fertility. Results were expressed as mean Ϯ SD. Oocytes fertilized by high-fertility ejaculates were considered group 1 zygotes, and those fertilized by low-fertility ejaculates were designated group 2 zygotes (Table 1) .
Fertilization and activation rates were assessed by the number of zygotes with pronuclei relative to the number of inseminated or activated oocytes. The mean length of the first cell cycle was assessed after observations of first cleavage rates every hour from 20 to 40 hpi with 45-50 oocytes per replicate per ejaculate for each group of embryos. Blastocyst rates (number after 7 days of IVC relative to the number of fertilized oocytes) were determined with 45-50 oocytes per replicate per ejaculate for each group of embryos. To characterize the S-phase at different hpi, ICC was performed with 15-20 presumptive zygotes per replicate/ hpi for each ejaculate. At every postinsemination time, rates of zygotes with two pronuclei and percentages of those in S-phase were determined for each ejaculate. After 1-h pulse exposures to BrdU between 9 and 27 hpi, the DNA replication period for all zygotes corresponds to the time elapsed between the moment the first labeled zygotes appeared and the moment the last ones disappeared (Fig. 1) . The mean length of the S-phase for a zygote was calculated from the difference between the mean time of the end of DNA replication (see below) and the mean time of onset (Fig. 1) .
After each OPU session, oocytes of each donor cow were randomly fertilized by one ejaculate of each fertility group (bulls A and D), and the S-phase was characterized at 13, 15, or 17 hpi, in order to obtain 3 replicates/hpi per male after 18 sessions and for each cow. At every postinsemination time and for each bull, the number of zygotes with two pronuclei and the number of those in S-phase (3 replicates) were pooled for calculations.
The effect of the postinsemination time on rates of three events (i.e., zygote with two pronuclei, zygote in the Sphase, cleaved zygote) was expressed by linear regression between the individual percentages and the postinsemination time for each group (Fig. 1) . Mean times of these events (calculated from the equation of the regression lines) corresponded to the moment at which half of the zygotes had two pronuclei, entered/exited the S-phase, or cleaved. Data were analyzed by ANOVA after arcsine transformation for the percentages [24] . Mean values were compared between ejaculates, between animals, and between replicates using the Fisher-Snedecor test and the Bartlett test for homogeneity of variances. Correlations were statistically analyzed by the partial F test.
RESULTS
Influence of the Paternal Component on the Time of the First Cleavage
As shown in Table 1 , mean fertilization rates were not different between groups 1 and 2 (P Ͼ 0.05); the embryos developed at the same rate up to the 16-to 32-stage rate after 5 days of IVC (P Ͼ 0.05). However, blastocyst rates were significantly higher for group 1 than for group 2 (P Ͻ 0.01), and this difference was negatively associated with the time of the first cleavage, which occurred 3.3 h earlier in group 1 than in group 2 (P Ͻ 0.01). Within a group, no significant differences were observed between ejaculates, bulls, and replicates (P Ͼ 0.05). These results showed that the first cell cycle was faster for zygotes resulting from high in vitro fertility bulls.
Influence of the Paternal Component on Timing of the First S-Phase
These experiments were run to confirm that the difference observed between groups of embryos was related to their timing of the S-phase. In preliminary experiments, we showed that BrdU exposure between 8 to 27 hpi did not affect either the fertilization rate (group 1: 89.3 Ϯ 2.1% in presence of BrdU vs. 90.3 Ϯ 3.7% without BrdU, P Ͼ 0.05; group 2: 92.1 Ϯ 3.1% vs. 92.5 Ϯ 2.9%, P Ͼ 0.05), or the time of the first cleavage (group 1: 27.9 Ϯ 1.1 hpi vs. 28.0 Ϯ 0.5 hpi, P Ͼ 0.05; group 2: 31.0 Ϯ 0.8 hpi vs. 31.3 Ϯ 0.7 hpi, P Ͼ 0.05), or the blastocyst rate (group 1: 39.4 Ϯ 5.1% vs. 38.4 Ϯ 2.5%, P Ͼ 0.05; group 2: 9.0 Ϯ 2.2% vs. 8.2 Ϯ 3.0%, P Ͼ 0.05). Furthermore, the labeling after ICC was in fact related to DNA replication because there was no labeling after a simultaneous exposure to aphidicolin from 7 to 25 hpi.
The DNA replication period for both groups of embryos is determined from Figure 2A , where each point corresponds to zygotes that were in the S-phase during the pulse whereas nonlabeled zygotes were those that had already finished or had not yet initiated their DNA replication during the pulse. At 11 hpi for group 1 and 13 hpi for group 2, a few positive zygotes were labeled with FITC in only one pronucleus (indiscriminately first in the more condensed pronucleus or in its less condensed counterpart). FITC labeling was observed in both pronuclei by 25 hpi for group 1 and by 23 hpi for group 2. At every postinsemination time, mean percentages of labeled embryos were higher in group 1 than in group 2 (P Ͻ 0.01). The DNA replication period was 4 h longer (PϽ 0.01) in group 1 (16 h) than in group 2 (12 h). Mean percentages of zygotes in the S-phase never reached 100%. At all postinsemination times, there was no significant difference (P Ͼ 0.05) between replicates and between ejaculates within a group of embryos. These first observations confirmed that the duration of the DNA replication period was influenced by the sperm in vitro fertility.
To determine the mean time of onset of the S-phase, groups of embryos were exposed continuously to BrdU from 8 hpi (Fig. 2B) . Each point corresponds to the percentage of zygotes that incorporated BrdU during the exposure. The nonlabeled zygotes were those that had not yet initiated their DNA replication during the exposure. Within a group, the difference between percentages of labeled zygotes at two consecutive postinsemination times measured the proportion of zygotes that had entered the S-phase. Since the percentage of labeled zygotes reached 100% at 21 hpi, we concluded that all of them had entered the Sphase before this time. At all postinsemination times, there was no difference (P Ͼ 0.05) between replicates and ejaculates within a group of embryos. Mean time of onset of the S-phase differed by 2 h between groups 1 and 2 (13.4 Ϯ 0.6 hpi and 15.6 Ϯ 1.3 hpi, respectively, P Ͻ 0.01). The fact that percentages of zygotes labeled with FITC did not differ (P Ͼ 0.05) following 1-h pulses or continuous exposure to BrdU between 8 and 17 hpi (Fig. 2, A and B) showed that all embryos initiated but did not end their Sphase before 17 hpi. This enabled us also to calculate the mean time of onset of DNA replication for labeled zygotes after 1-h pulses, which was not different (P Ͼ 0.05) from previous data (13.3 Ϯ 0.9 hpi and 15.2 Ϯ 0.6 hpi, respec- tively, P Ͻ 0.01 in groups 1 and 2). These results showed that the mean time of onset of the S-phase was also affected by sperm fertility.
To calculate the mean time of the end of the S-phase, we took into account that all zygotes had entered the Sphase at 21 hpi (100% of FITC labeling in Fig. 2B ). Any subsequent drop in percentages of labeled zygotes in Figure  2A corresponded to an exit from the S-phase. Thus, oocytes fertilized in group 1 ended their S-phase 2 h later than in group 2 (23.6 Ϯ 1.7 hpi and 21.8 Ϯ 0.8 hpi, respectively, P Ͻ 0.05). Finally, we calculated the mean length of the first S-phase (difference between the mean time of onset and the mean time of end), which was 4 h longer in group 1 than in group 2 (10.4 h and 6.2 h, respectively, P Ͻ 0.01).
Taken together, the data described clearly indicate that in vitro fertility of the bull used for IVF directly affected the time of the onset and the duration of the first DNA replication.
Influence of the Paternal Component on the Timing of Pronuclear Formation
Differences observed between groups of embryos for the mean time of onset of the S-phase could stem from the difference in the timing of pronuclear formation. We therefore determined the percentage of zygotes with two pronuclei every 2 h from 5 to 21 hpi. Zygotes containing more than two pronuclei (polyspermy) constituted less than 3% and were discarded from the calculation. As shown in Figure 2C , at every postinsemination time the percentages of zygotes with two pronuclei were not different between groups (P Ͼ 0.05). Mean times of pronuclear formation were not different between groups 1 and 2 (8.3 Ϯ 0.9 hpi and 8.5 Ϯ 0.8 hpi, respectively, P Ͼ 0.05) and thus not related to the mean time of onset of the S-phase.
We concluded that the difference observed between the onset of the S-phase according to bull fertility was not dependent on events leading to pronuclear formation but on events related to the duration of the G1-phase.
Influence of the Maternal Component on Mean Time of Onset of the S-Phase
The evidence of a paternal effect on the mean time of onset of DNA replication with use of pooled oocytes from different females did not make it possible to distinguish different subpopulations of oocytes. We therefore carried out this experiment to determine the influence of the maternal component. OPU was used to repeatedly recover oocytes from a female donor. Oocytes from the same donor were fertilized separately by two ejaculates of differing fertility. Fertilization rates did not differ between females (P Ͼ 0.05; data not shown). From a donor female, percentages of labeled zygotes resulting from a given male were not significantly different from values for those obtained with pools of slaughterhouse oocytes fertilized by the same male and analyzed at 13, 15, and 17 hpi (P Ͼ 0.05; data not shown). Using the same methodological approach as described above to calculate the mean time of onset of DNA replication, we found that it did not vary (P Ͼ 0.05) according to the female donor when fertilized by a given male (Fig. 3) . Only a difference of 2 h (P Ͻ 0.01) was found between the onset of the S-phase when oocytes of a female donor were fertilized by sperm of differing fertility.
These results showed that the maternal genotype was not involved in regulating the time of the onset of the first DNA replication. 
Timing of Events Related to the First DNA Replication in Parthenotes
Using a transient exposure to ethanol, almost all oocytes (95.8 Ϯ 3.3%) were activated, and 24.8 Ϯ 6.1% developed to the blastocyst stage. This blastocyst rate was lower than that obtained after IVF with sperm of a bull of high fertility but higher than that obtained after IVF with sperm of low fertility. Mean time of pronuclear formation was 4.2 Ϯ 0.3 hpa, and the first cell cycle lasted 25.0 Ϯ 0.8 h. All parthenotes became labeled after continuous exposure to BrdU (data not shown). The S-phase started at 9.3 Ϯ 0.4 hpa and lasted only 6.2 h, but the duration of the G1-phase was very similar to that obtained after fertilization with sperm of high fertility (5.1 h). However, the duration of DNA replication was similar to that obtained after fertilization with sperm of low in vitro fertility (6.2 h).
Influence of the Paternal Component After Delay of the Initiation of the First S-Phase with Aphidicolin
Since DNA replication can be initiated in the absence of a paternal genome, we wanted to determine the conditions in which the paternal component is effective, and to confirm the importance of the precocity of the onset of the Sphase for further embryo development. Thus, we used a reversible inhibitor of the DNA polymerase ␣ (aphidicolin) to delay the initiation of DNA synthesis.
Aphidicolin treatment did not impair IVF, as fertilization rates were not different from previous data (P Ͼ 0.05; data not shown). After the inhibitor was removed, all zygotes entered the S-phase (100% of labeling after continuous exposure to BrdU). We used the same methodological approach as described above to calculate the mean length of the S-phase. In the presence of aphidicolin from 7 to 11 hpi (Fig. 4A) , the mean length of the S-phase was similar in groups 1 and 2 (6.4 h and 6.3 h, respectively, P Ͼ 0.05); the first cleavage occurred at the same time (32.1 Ϯ 0.8 hpi and 31.5 Ϯ 1.6 hpi, respectively, P Ͼ 0.05), and blastocyst rates were similar (8.8 Ϯ 1.7% and 8.3 Ϯ 2.2%, respectively, P Ͼ 0.05). These results were similar to those of group 2 without aphidicolin exposure. If exposure to aphidicolin was extended from 7 to 17 hpi (Fig. 4B) , the mean length of the S-phase was shortened and was the same for groups 1 and 2 (5.5 h and 5.3 h, respectively, P Ͼ 0.05); the first cleavage occurred at the same time (33.5 Ϯ 0.8 hpi and 32.6 Ϯ 0.9 hpi, respectively, P Ͼ 0.05), and blastocyst rates were low and similar (5.2 Ϯ 2.1% and 4.8 Ϯ 1.7%, respectively, P Ͼ 0.05). Thus, an induced delay of the onset of the first S-phase reduced the length of this first S-phase and compromised further embryo development; moreover, the delay erased the difference between groups 1 and 2. The positive effect of the high-fertility sperm disappeared when DNA synthesis was not immediately possible. From that, we concluded that the beneficial paternal influence on the timing of the first DNA replication of both pronuclei stemmed from an effect during a transient period of the G1-phase.
DISCUSSION
Using bull sperm that confer different developmental potential to in vitro-fertilized and -cultured oocytes, we showed that the time of the onset of the S-phase has a major impact on the length of the first cell cycle and subsequent embryo development. We clearly demonstrated that with ejaculates yielding a high blastocyst rate, the S-phase of zygotes began earlier and lasted longer than after IVF with ejaculates resulting in a low blastocyst rate (Fig. 5) . The time of onset varied for both pronuclei according to sperm fertility and not according to the genotype of the oocyte. This paternal control was effective on both pronuclei only during a transient period of the G1-phase.
Our results are in agreement with those of Hillery-Weinhold [17] regarding the influence of the bull on the time of the first cleavage but also with those of Grisart et al. [18] regarding the correlation between the precocity of this first cleavage and successful embryo development. As previously evidenced by Eid et al. [15] , we observed that paternal fertility influenced the timing of the first S-phase. However, our methodological approach allowed us to calculate that the length of the S-phase represented more than 30% of the first cell cycle with use of high-fertility bulls whereas it represented less than 20% with use of low-fertility bulls (Fig. 5) . These results are original data in that we investigated the influence of bull fertility simultaneously on both initiation of the S-phase and length of the first cell cycle. Former studies [15, 17] have observed these aspects separately. In contrast to Eid et al. [15] , we observed the paternal influence not only on the time of onset of the S-phase FIG. 5. Time course of DNA replication within the first cell cycle for zygotes resulting from high in vitro fertility (group 1) or low in vitro fertility bulls (group 2) and for parthenotes (mean duration times are expressed in hpi for IVF zygotes or in hpa for parthenotes).
but also on its time of ending; this could be explained by a larger difference between low and high in vitro fertility of the sperm used in this work. Moreover, by using batches of oocytes recovered on given females, we clearly demonstrated that the influence of the maternal component on the time of the onset might be discarded. Zygotes resulting from low-fertility sperm never did replicate their DNA simultaneously during a 1-h pulse with BrdU before 21 hpi ( Fig. 2A) whereas all of them entered the S-phase at this time (Fig. 2B) ; thus S-phases between zygotes were probably asynchronous and heterogeneous. In this case, the subsequent lower blastocyst rate could be explained by an erratic first S-phase leading to possible chromosomal abnormalities and a longer cell cycle [25] .
In contrast to Kreysing et al. [26] , we studied the effect of the bull on the developmental rate with ejaculates giving the same fertilization rate in order to avoid differences due to good or poor sperm penetration. We observed differences due only to the developmental potential conferred by the bulls after IVF. Gamete recovery methods and conditions of transport to the laboratory may not be involved in the subsequent viability of bovine embryos [19, 27] . Influences of seminal proteins on fertility or on the timing of the first DNA replication have been observed, respectively, in bulls [28] and in the hamster [29] . In our study, this kind of influence was unlikely due to the utilization of diluted and frozen semen. This confirmed that there was only a role of the spermatozoa.
Whatever the bull fertility, the time course of pronuclear formation was not different. We can therefore consider that the penetration times of the spermatozoa were similar. We can exclude the male influence on the pattern of calcium peaks during the activation leading to different speeds of decondensation of the spermatozoa and to different times of pronuclear formation [30] . Times of pronuclear envelope formation, also involved in the initiation of DNA replication [31] , should be similar for zygotes resulting from the two types of sperm. Thus, differences observed between the onset of the S-phase according to male fertility were not dependent on events leading to pronuclear formation but on events affecting the duration of the G1-phase. The paternal influence on the onset of the S-phase was exerted simultaneously on both pronuclei and not only on the paternal pronucleus; this was not evidenced in the study of Eid et al. [15] . Thereafter both pronuclei of a zygote had the same duration of DNA replication, in agreement with Gagné et al. [16] .
In the parthenogenetic control (Fig. 5) , we knew the exact activation time, whereas in fertilized oocytes the sperm penetration occurred between 3 and 4 h after insemination (unpublished results). In comparison with that in zygotes resulting from high or low in vitro fertility bulls, timing of events of the first cell in parthenotes was intermediate. In agreement with findings of Soloy et al. [32] , the mean length of the S-phase was about 6 h and there was a slight asynchronism between parthenotes. Without the paternal component the activated oocytes were able to initiate DNA replication at a more regular interval of time after pronuclear formation. This confirmed that only the paternal component might influence the timing of the onset of the Sphase.
We observed a decrease in the blastocyst rate when the onset of the first S-phase was delayed with aphidicolin. This is not in accordance with Gagné et al. [16] , who observed similar development rates after aphidicolin treatments but mentioned only the morula rates. When oocytes were fertilized by high-fertility sperm, the timing of DNA replication after a short aphidicolin exposure mimics that of oocytes fertilized by low-fertility sperm without aphidicolin exposure. We therefore supposed that the beneficial paternal effect might influence the onset and duration of the first DNA replication of both pronuclei only during a transient period of the G1-phase. The influence of the highfertility sperm must be expressed as soon as possible after pronuclear formation, and DNA polymerase ␣ must be also available. In low-fertility sperm, the absence of a beneficial effect might lead to the impossibility of initiation immediately DNA synthesis.
In bovine fertilization, the sperm head and the midpiece penetrate the oocyte [33] . Thus, we need to understand which factor(s) contained in these elements make it possible to initiate an early S-phase (followed by a long DNA replication and an early first cleavage). Our data strongly suggest that the factor or factors contributed by the paternal component are effective only after pronuclear formation and that they affect both pronuclei. Data on the metazoan cell cycle show that prereplication complexes, which are indispensable for initiating DNA replication, are assembled at specific initiation sites during late G1-phase [34] . These specific initiation sites regulating the length of the S-phase are apparently not established during the early G1-phase, at least up until the origin decision point (ODP) [35] . We can therefore hypothesize that sperm of high in vitro fertility could have a role in the ODP during the first G1-phase. Since in bovine zygotes, protein synthesis is not required for male pronuclear formation [36] , and since transcription from the paternal genome begins apparently only during the first DNA replication [37] , we tentatively sug-gest that expression of the paternal genome is not involved in the onset of the first S-phase. Navara et al. [38] observed that the size of the sperm aster is correlated with bull fertility. The aster is located between the two pronuclei and is necessary for their coming closer and for building the first division spindle [1] ; thus the centrosome could have an influence on the time of the onset of the S-phase. These factors could also explain the different lengths of G2-phase observed between groups of embryos (Fig. 5) .
We can also hypothesize indirect influences of the sperm. The paternal component could regulate the availability of maternal factors like the P1 protein [39] or the replication licensing factor [40] , which are indispensable for the onset of the S-phase. It could also affect the acetylation pattern of the histones, which is involved in the accessibility of the DNA before the S-phase [23, 41] . A study in the mouse zygote showed that sperm penetration leads to the production of ribose 5-phosphate via the pentose phosphate pathway [42] ; thus the production of precursor for nucleotide synthesis and further DNA replication might be regulated by the sperm. Finally, overexpressions or synthesis of factors indispensable for the onset of DNA replication but not present in the sperm chromatin, like cdk2 in sea urchin embryo [43] and cyclin A in mice [44] , could be positively affected by sperm of high fertility.
In conclusion, the results of this study demonstrate that bovine sperm play a key role in the oocyte cytoplasm during the very beginning of the first cell cycle, which has a major impact on subsequent embryo development. The paternal component directly regulates the time of the onset of DNA replication for both pronuclei during the G1-phase. Further experiments are being conducted to characterize the paternal factor and to understand what time it appears after IVF.
